We have investigated the extent of hepatitis delta virus (HDV) genetic variability after serial passages in chimpanzees and woodchucks and between different human isolates. A complete HDV genome, isolated from a woodchuck liver, was cloned after five serial transmissions. The 1679 nucleotide long genome revealed only point mutations and a nucleotide divergence of 0-65 % and 0.89 % with previously published sequences of two epidemiologically related HDVs. We have obtained partial nucleotide sequences of two unrelated human HDV cDNAs by using the polymerase chain reaction. When compared to the woodchuck HDV strain and other previously reported isolates, a perfectly conserved region of 90 nucleotides was shown in the region encompassing the delta antigen antigenomic self-cleavage site. In woodchuck and human HDV strains, the two forms of delta protein (195 and 214 amino acids) were potentially expressed. Our study indicates that only a limited genetic variability is generated by several passages in animals despite significant modification of pathogenicity during these transmissions.
We have investigated the extent of hepatitis delta virus (HDV) genetic variability after serial passages in chimpanzees and woodchucks and between different human isolates. A complete HDV genome, isolated from a woodchuck liver, was cloned after five serial transmissions. The 1679 nucleotide long genome revealed only point mutations and a nucleotide divergence of 0-65 % and 0.89 % with previously published sequences of two epidemiologically related HDVs. We have obtained partial nucleotide sequences of two unrelated human HDV cDNAs by using the polymerase chain reaction. When compared to the woodchuck HDV strain and other previously reported isolates, a perfectly conserved region of 90 nucleotides was shown in the region encompassing the delta antigen antigenomic self-cleavage site. In woodchuck and human HDV strains, the two forms of delta protein (195 and 214 amino acids) were potentially expressed. Our study indicates that only a limited genetic variability is generated by several passages in animals despite significant modification of pathogenicity during these transmissions.
Hepatitis delta virus (HDV) is a defective virus whose transmission is dependent on associated hepatitis B viral infection. In animal models, HDV has been successfully transmitted to chimpanzees and woodchucks, always in the context of an associated hepadnaviral infection (Rizzetto et al., 1980; Ponzetto et al., 1984) . However, in woodchuck normal hepatocytes, replication of the HDV genome can occur, probably by a rolling circle mechanism, in the absence of woodchuck hepatitis virus (WHV) coinfection (Taylor et al., 1987) . Furthermore, introduction of the HDV cDNA or RNA into cells by transfection or using the fusion liposome technique is sufficient to induce viral replication (Kuo et al., 1989; Glenn et al., 1990 ). Thus, HBV or WHV provide the viral envelope which allows HDV infectivity (Bonino et al., 1986) .
The inner part of the infectious serum 36 nm viral particle corresponds to the association of two groups of phosphoproteins bearing delta antigenicity and a singlestranded circular RNA molecule of about 1700 nucleotides (Bergmann & Gerin, 1986; Chang et al., 1988; Chen et al., 1986; Kos et al., 1986) . Due to a high G-C content and 70% self complementarity of nucleotides, the molecule is able to form a rod structure with properties similar to viroids or virusoids (Wang et al., 1986 (Wang et al., , 1987 Makino et al., 1987) . However, unlike these 0000-9815 © 1991 SGM plant agents, a single open reading frame (ORF) on the antigenomic molecule encodes the two delta antigen polypeptides (Wang et al., 1986 (Wang et al., , 1987 Makino et al., 1987; Kuo et al, 1988; Weiner et al., 1988; Luo et al., 1990; Hsieh et al., 1990) .
A few HDV isolates have been cloned, but information on viral genetic variability is still scarce. Recently, nucleotide sequence analysis of a third isolate showed up to 16% nucleotide divergence in the viroid-like part of the genome (Saldanha et al., 1990) . In HDV-infected chimpanzees and woodchucks, serial passages of the virus are associated with a shorter incubation time, more severe liver disease, and mainly in woodchucks, progression from acute to chronic infection, with persistence of delta antigen detectable in the liver for more than 6 months (Ponzetto et al., 1987 (Ponzetto et al., , 1988 . It is not presently known whether this might be related to genetic changes in the virus.
The aim of our study, therefore was to analyse the whole genome of HDV from the liver of an infected woodchuck after several passages and to compare selected parts of the HDV genome with two unrelated HDV strains isolated from humans.
The HDV isolate from the liver of woodchuck number 5 is epidemiologically related to two other isolates cloned and sequenced by Wang et al. (1986 Wang et al. ( , 1987 and by Kuo et The probe used was pdelta 1 from TNO Center (Kos et al., 1986) . (a) Chimpanzee serum. RNA was extracted from total sera (lane 1), a clarification pellet (lane 2), or after an ultracentrifugation step (lane 3).
(b) Ten, 15 and 20 ~tg samples of total RNA extracted from the liver of woodchuck number 5 were also subjected to electrophoresis, Northern transfer and hybridization.
al. (1988) . Together, these two isolates share 98.5~ nucleotide identity. Using total liver RNA from woodchuck number 5 (Fig. 1) , the complete HDV nucleotide sequence was obtained using two complementary approaches: insertion of HDV cDNA into 2gtl0 and cloning of polymerase chain reaction (PCR) products. To obtain a cDNA library, a commercial kit (Amersham), using oligodeoxynucleotide 1A (nucleotide positions 553 to 571) (Wang et al., 1986 (Wang et al., , 1987 to prime cDNA was used as described by the manufacturer except that a 2 ml column of DEAE was used to size-separate cDNA. Positive clones hybridizing with pdelta 1 (kindly given by A. Kos) were subsequently subcloned into the EcoRI site of the Bluescribe vector. Nine different clones were analysed from the 2gtl0 cDNA library. They extended from primer 1A to the EcoRI site at position 1428 (Wang et al., 1986) (Fig. 2) .
Different sets of primers were used to amplify genomic or antigenomic sequences from total liver RNA (Zignego et al., 1990) . The position and nucleotide sequences of primers are shown in Fig. 2 . HDV cDNA was obtained using Moloney murine leukaemia virus reverse transcriptase (BRL). Liver RNA was heat-denatured with one of the primers and reverse-transcribed for 30 min at 42 °C. The PCR was then conducted for 35 cycles, after adding the second primer and Taq polymerase in a DNA thermal cycler (Cetus), for 1 min at 94 °C, 1 min at 55 °C, 1 min at 72 °C. The first and last cycle were extended for 4 min at 94 °C and 72 °C, respectively (Fig. 3 ). For amplification of HDV sequences coding for the delta protein, we primed the cDNA with primer 5S. The reverse transcriptase was heat-denaturated after cDNA synthesis and RNase A was added. Antisense primer (5A) was added at the PCR step.
Amplified DNA was extracted from an agarose gel using NA 45 membranes (Schleicher & Schuell), followed by phenol and chloroform extraction, and ethanol precipitation. The nucleotide sequence was determined using the dideoxynucleotide termination method (Sequenase; USB), after cloning in Ml3mpl8 or Ml3mpl9 (Appligene) using specific restriction sites at the 5' end of the primers. In addition to the cloning experiments, direct sequencing was performed for some PCR products with Sequenase using HDV 3A (2.5 ktM) as an internal primer.
The total genome length was 1679 nucleotides. Sequence heterogeneity from different clones as well as comparison with the HDV isolates from Wang et al. Nucleotide sequence 5' ~ 3'
H D V m a p . S e q u e n c e s e n c o d i n g O R F delta a n t i g e n are i n d i c a t e d b y t h e c u r v e d a r r o w . T h e p o s i t i o n a n d n u c l e o t i d e s e q u e n c e o f primers (arrows) and probes (grey squares) are shown. HDV cDNA was primed with primer 2A (lanes 2 to 5) or 5A (lanes 6 and 7). PCR was conducted in duplicate as described in the text using primer 2S (lanes 2 and 3) or 5S (lanes 4 to 7). The negative control (lane 9) was the mix used for 2A-2S amplification without reverse transcriptase at the cDNA step. The size marker (Raoul) (lanes 1 and 8) was supplied by Appligene. Expected band sizes are as follows: 2A-2S, 378 bp; 2A-5S, 619 bp; 5A-5S, 734 bp. (1986, 1987) and Kuo et al. (1988) are shown in Table 1 . Only point mutations were observed. We found a minimal nucleotide divergence of 0-65~ and 0.89~o, respectively with the related isolates from Wang and Kuo et al. These three isolates were derived from the same human serum. An HDV strain from an Italian chronic carrier was successfully transmitted to a chimpanzee (Rizzetto et al., 1980) . After transmission to a second chimpanzee, infectious serum was taken during the acute phase of delta hepatitis and was then inoculated into other chimpanzees, and was also successfully transmitted to WHV-infected woodchucks. Our viral preparation came from the fifth passage in woodchucks (Ponzetto et al., 1987) . The first HDV characterized by Wang et al. (1986) corresponded to the fifth passage in chimpanzees. The viral HDV strain analysed by Kuo et al. (1988) was obtained from one of the first infected woodchucks. During experimental transmission, modifications of pathogenicity have been observed with increased chronicity of the liver disease (Ponzetto et al., 1984 (Ponzetto et al., , 1987 . The finding of only minimal sequence variation might suggest that host factors play a predominant role in this enhanced pathogenicity. In addition, one might also speculate on the consequences of different expression 140 AGG GAA AGA AGA GTA GCC GGC CCG CCG GTT GGG GGT GTG ~C CCC CTC GAA
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AAC CAG GGA TTT CCA TAG GAT ATA CTC TTC CCA GCC GAT CCG CCC TTT TCT (Makino et al., 1987) ; line 2, human HDV isolate (Saldanha et al., 1990) ; line 3, patient B isolate; line 4, patient A isolate; line 5, woodchuck number 5 isolate; line 6, first chimpanzee isolate (Wang et al., 1986) . Possible heterogeneity due to nucleotide variability between different clones is shown in parentheses.
rates of the small and large delta proteins. The respective role of these proteins has been recently characterized in cell culture after transfection experiments . The small protein [195 amino acids (aa) ] is sufficient to induce and support genome replication (Kuo et al., 1989; whereas the large protein acts as a repressor of replication. In fact, as little as 10~o of the large protein expression reduces genome replication from 100~ to 12~o. This has led to the hypothesis that enhanced expression of the large delta protein might lead to persistent viral infection . Using PCR for cloning woodchuck liver RNA, we were able to identify clones corresponding to genomic and antigenomic viral strands. From different PCR products, we observed a UAG stop codon in all the clones obtained from the antigenomic RNA, which therefore potentially coded for the 195 aa protein. In Wang et al. (1986 Wang et al. ( , 1987 . t From Kuo et al. (1988) . contrast, we found two different genomic molecules with a T to C mutation at position 1012. The genomic clone with the C mutation has the coding potential for the 214 aa protein (Fig. 4) In addition, it has been suggested in vitro and in vivo, that an unwindase activity which changes the nucleotide at position 1012, might explain the ability of the delta protein ORF to express the 214 aa protein from the same clone which encodes the 195 aa protein (Luo et al., 1990; Sureau et al., 1989) . We further analysed this region of the HDV genome in two unrelated infected patients: a French intravenous drug user (patient A) with acute HDV hepatitis and a liver transplant recipient (patient B) with chronic HDV hepatitis. Serum (300 111) from patient A was extracted with 1 volume of tetraethylfluorocarbon, Tris-HC1-saturated phenol and chloroform/isoamylalcohol (24/1 v/v) as previously described (Nicolas et al., 1983) TG  TCCCTG  TCCCC  TGTCCA  CCTCCCCGGTCCGA  GGGGGACT  3 TATC  TG  TCCCTG  TCCCC  TGTCCA  CCTCCCCGGTCCGA  GGGGGACT  4 TATC  TG  TCCCTG  TCCCC  TGTCCA  CCTCCCCGGTCCGA  GGGGGACT  5 TATC  TG  TCCCTG  TCCCC  TGTCCA  CCTCCCCGGTCCGA  GGGGGACT  6 TATC  TG  TCCCyG  TCCCC  TGTCCA  CCTCCCCGGTCCGA  GGGGGACT   2 CCGGGACTC  GC  GGGGACG~GCCGCCCCCGGGCGCTCCCCTCGTTCCACCTTCGAGGG  3 CCGGGACTC  GC  GGGGACG~GCCGCCCCCGGGCGCTCCCCTCGATCCACCTTCGAGGG  4 CCGGGACTC  GC  GGGGACG~GCCGCCCCCGGGCGCTCCCCTCGATCCACCTTCGAGGG  5 CCGGGACTC  GC  GGGGACG~GCCGCCCCCGGGCGCTCCCCTCGATCCACCTTCGAGGr  6 CCGGGACTC  GC  GGGGACG~GCCGCCCCCGGGCGCTCCCCTCGATCCACCTTCGAGGG   c4A primer   2 GGTTCACACCCCC~C  GGGCCGGCT  CTTCTTTCC TCTCTCGTCTTCCTCGGTC~CCT  3 GGTTCACACCCCC~C  GGGCCGGCT  CTTCTTTCC TCTCTCGTCTTCCTCGGTC~CCT  4 GGTTCACACCCCC~C  GGGCCGGCT  CTTCTTTCC TCTCTCGTCTTCCTCGGTC~CCT  5 GGTTCACACCCCC~C  GGGCCGGCT  CTTCTTTCC TCTCTCGTCTTCCTCGGTC~CCT  6 GGwTCACACCCCC~C  GGGCCGGCT (Sharmeen et al., 1988) . Lines 1 to 6 are as described in Fig. 4 . The lower case letters indicate ambiguities in the sequence, using the convention y represents C or T, r ~presents A or G and w represents A or T.
the serum of patient 2 as previously described (Makino et al., 1987) . RNA was extracted after proteinase K digestion by phenol and chloroform extraction. Region 4 of the viral RNA ( Fig. 1 ) was amplified and sequenced. The PCR-amplified product included the 3' end of the delta protein ORF (Fig. 2) as well as sequences involved in self-cleavage on the antigenomic RNA (Sharmeen et al., 1988) . Several point mutations were evident (Fig. 5) in the region encompassing nucleotides 768 to 1181.
The nucleotide sequence of the HDV isolate from patient B with chronic hepatitis (Fig. 5, lane 3) showed a T to C mutation similar to that of the woodchuck number 5 isolate at position 1012, which corresponds to the possible expression of the two proteins.
By analysing sequences located around the antigenomic cleavage site described by Sharmeen et al. (1988) , the HDV RNA sequence from nucleotide 844 to 933 was shown to be perfectly conserved when compared to previously published sequences (Wang et al., 1986; Makino et al., 1987; Kuo et al., 1988; Saldanha et al., 1990) (Fig. 5) . This was also the case for the woodchuck number 5 isolate. This 90 nucleotide sequence conservation might reflect sequences involved in the cleavage of the antigenomic strand in vivo.
In conclusion, our study on different HDV strains showed a strong genomic stability even after serial passages in animals. The delta antigen protein is likely to be expressed in two different forms in woodchuck, chimpanzee and human isolates. More extensive nucleotide sequence comparison of different isolates may lead to the identification of common mutations associated with different pathogenic profiles.
